Biometals such as zinc, iron, copper and calcium play key roles in diverse physiological processes in the brain, but can be toxic in excess. A hallmark of neurodegeneration is a failure of homeostatic mechanisms controlling the concentration and distribution of these elements, resulting in overload, deficiency or mislocalization. A major roadblock to understanding the impact of altered biometal homeostasis in neurodegenerative disease is the lack of rapid, specific and sensitive techniques capable of providing quantitative subcellular information on biometal homeostasis in situ. Recent advances in X-ray fluorescence detectors have provided an opportunity to rapidly measure biometal content at subcellular resolution in cell populations using X-ray Fluorescence Microscopy (XFM). We applied this approach to investigate subcellular biometal homeostasis in a cerebellar cell line isolated from a natural mouse model of a childhood neurodegenerative disorder, the CLN6 form of neuronal ceroid lipofuscinosis, commonly known as Batten disease. Despite no global changes to whole cell concentrations of zinc or calcium, XFM revealed significant subcellular mislocalization of these important biological second messengers in cerebellar Cln6 nclf (CbCln6 nclf ) cells. XFM revealed that nuclear-to-cytoplasmic trafficking of zinc was severely perturbed in diseased cells and the subcellular distribution of calcium was drastically altered in CbCln6 nclf cells. Subtle differences in the zinc K-edge X-ray Absorption Near Edge Structure (XANES) spectra of control and CbCln6 nclf cells suggested that impaired zinc homeostasis may be associated with an altered ligand set in CbCln6 nclf cells. Importantly, a zinc-complex, Zn II (atsm), restored the nuclear-to-cytoplasmic zinc ratios in CbCln6 nclf cells via nuclear zinc delivery, and restored the relationship between subcellular zinc and calcium levels to that observed in healthy control cells. Zn II (atsm) treatment also resulted in a reduction in the number of calcium-rich puncta observed in CbCln6 nclf cells. This study highlights the complementarities of bulk and single cell analysis of metal content for understanding disease states. We demonstrate the utility and broad applicability of XFM for subcellular analysis of perturbed biometal metabolism and mechanism of action studies for novel therapeutics to target neurodegeneration.
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Introduction
Tight regulation of biologically active metal homeostasis is critical to proper functioning of the brain. Metals such as copper, iron and zinc are essential cofactors to over 30% of all mammalian enzymes, and are increasingly recognized as important second messengers in neuronal signaling. Hence, it is not surprising that deregulation of biometal metabolism is reported to significantly contribute to pathology in a wide spectrum of neurological conditions. The precise metal disturbances are specific for each neurological disorder and may be related to toxic mislocalization as observed in Alzheimer's disease (AD) 1 and Friedrich's Ataxia 2 , altered metal transporter function as in Menkes and Wilson's diseases 3, 4 or altered metal-protein interactions as in amyotrophic lateral sclerosis (ALS) 5 . Due to the sophisticated physiological control of cellular biometal homeostasis exerted by scores of metal transport, buffering, muffling and chaperone proteins, even subtle mislocalization of biometals can have a critical impact on cell functions in a non-obvious manner 6 . AD presents a pertinent example -although the widely accepted metal-amyloid hypothesis implicates increased extracellular zinc and copper in amyloid β aggregation 7 , reports on bulk metal levels in whole tissue homogenates are rarely indicative of subtle subcellular changes involving intracellular metal depletion in AD function, it is not widely appreciated that disease-associated changes in metal metabolism involve complex and dynamic intracellular trafficking of multiple metal pools (both protein bound or readily-exchangeable) between different organelles.
Similarly, our recent work demonstrates subtle accumulation of zinc, copper, manganese and cobalt in animal models of the CLN6 form of an inherited childhood neurodegenerative disorder, the neuronal ceroid lipofuscinoses (NCLs) 10, 11 . This disease is characterized by progressive blindness and motor impairment leading invariably to premature death (reviewed in 12 ). CLN6 encodes an ER protein of unknown function; recessive mutations in CLN6 exert pathological consequences on many subcellular compartments including the ER, lysosomes and mitochondria 13 . We determined that the disrupted biometal functions involved in progression of NCLs are driven by loss of an intracellular metal transporter, Zip7 14 , which is predicted to result in subcellular zinc mislocalization. Consistent with this, we demonstrated redistribution of brain zinc in diseased mice and sheep into ER and lysosome/Golgi compartments using subcellular fractionation techniques 10 , although multiple subcellular organelles are known to co-localize within individual fractions 15 . Importantly, a metal complex, Zn II (atsm), restored cellular zinc-dependent functions in Cln6 nclf cells, however the mechanism is not clearly defined. Hence, complementary methods of accurate visualization and quantitation of subcellular metal distributions in cells and tissues are critical to understanding metal dysregulation in neurological disease and for defining novel therapeutic targets for treatment.
It remains the case that there is a lack of effective tools to probe the quantitative biometal distribution at the single cell level. Current bulk analysis techniques such as Inductively Coupled Plasma Mass Spectrometry (ICP-MS) are extremely sensitive but cannot routinely assess inter-cell variation and require destruction of the sample. Advances in Laser Ablation-(LA-) ICP-MS have successfully extended this approach to providing quantitative spatially-resolved information on elemental distribution but currently cannot interrogate the subcellular organization of elements within intact cells and of course the measurement process remains entirely destructive 16 . Metalloproteomic techniques, ie. size exclusion chromatography (SEC) coupled to ICP-MS, which has revealed critical information on protein-bound metal pools 17 , are incapable of probing loosely bound or labile metals and are further limited by the inability to measure single cells or provide information on the subcellular compartmentalization of metals. Cell permeable metal-specific optical fluorophores provide valuable information (i.e. cell to cell variability) on pools of "exchangeable" ions, but the extent to which these compounds may influence the native cellular metalloarchitecture is less clear (for a comprehensive review see 18 ). Moreover, care must be taken to avoid spurious interpretations, stemming from changed spectral characteristics due to organelle-specific differences in uptake, or local changes to the chemical environment (pH or redox potential) 19, 20 . X-ray fluorescence (XRF) microscopy (XFM; for a recent review see 21 ) can provide probe free, quantitative, spatially resolved information of the nanoscale organization of elements within single cells with minimal measurement artifacts 21 . In addition to mapping the distribution of elements, more specialized XFM experiments allow complementary X-ray Absorption Near Edge Structure (XANES) studies to be performed on the same sample 22 . XANES can reveal information about elemental oxidation state and allow interrogation of the chemical environment for the element under investigation. XFM is also compatible with optical and ion beam microscopies, making powerful correlative studies possible. XFM has been used to assess elemental content and distribution at the single cell level for over thirty years 23 
Results

Loss of Zip7 metal transporter expression in cerebellar cells from Cln6 nclf mice
We previously reported accumulation of zinc, copper, cobalt, manganese and iron in brain tissue homogenates from natural sheep and mouse models of NCLs, a group of inherited childhood neurodegenerative and lysosomal storage disorders 10, 11 . We observed early and progressive loss of the ER/Golgi resident biometal transporter Zip7, in the brains of sheep and primary cortical neurons from embryonic mice containing natural mutations in the Cln6 gene 14 . Mutations in the gene, including the identical mutation to that observed in the Cln6 nclf mouse, are associated with variant late infantile NCL in humans 25, 26 . These observed changes are indicative of deregulated subcellular biometal homeostasis in NCL, and we have since identified analogous loss of biometal regulation in additional sub-types of NCL (CLN1, 3 and 5; 27 ). Biometal accumulation in the cerebellum occurred with concomitant reduction in cerebellar Cln6 mRNA in Cln6 nclf mice 10 . The cerebellum controls motor functioning, an early impairment in the CLN6 sub-type of NCL disease, and is a region of initial pathology both in human disease and associated animal models [28] [29] [30] . nclf cells compared to control cells (Fig. 1A-B) , supporting previous observations that Slc39a7 (encoding Zip7) expression was -1.6 fold downregulated in 3 different CbCln6 nclf cell lines 31 . We examined whether these changes altered global cellular metal levels. Bulk analysis via ICP-MS revealed no differences in the cellular concentrations of zinc, copper, iron, calcium, manganese or cobalt (Fig. 1C-F and data not shown).
Use of XFM to interrogate subcellular metal levels
Though no changes to total biometal levels were detected by bulk analysis, previous reports have shown that biometal deregulation associated with disease states can be more nuanced than simple gross changes in abundance 8, 32 . Additionally, recent reports have highlighted the value of performing "per-cell" analysis of biometal abundance and distribution 24 . To test our hypothesis that reduced Zip7 expression may impair zinc metabolism, we investigated whether biometal trafficking rather than total metal concentrations were altered in CbCln6 nclf cells. XFM provided Fixation of samples for elemental analysis is a critical consideration, as use of traditional chemical fixatives can induce a variety of artifacts 33 . Thus, to ensure preservation of native biometal distribution and with organelle integrity in an "as near to native" state as possible, chemical fixation was eschewed as it is known to induce leakage and reorganization of metal ions 34 . In contrast, cryoprotection followed by dehydration preserves biometal levels and distributions while rendering specimens suitable for XFM analysis. Previous work comparing biometal distribution between hydrated anesthetized C. elegans and cryopreserved and desiccated animals, provided confidence that XFM of cryopreserved specimens is appropriate for the preparation of biological samples 35 . Advances in low-latency XRF detectors (such as the 384-channel Maia detector installed at the Australian Synchrotron) provide significantly faster data acquisition rates and allow high-definition subcellular elemental mapping of ~10-25 cells in ~30 minutes (a typical scan area of 0.015 mm 2 area containing 94,000 pixels). The increased sensitivity is concurrent with a reduction in dose, enabling the imaging of optical fluorescence organelle markers both before and after elemental mapping. These served a dual role, providing reference points for correlating the elemental maps while also acting as sensitive probes for any distortions to cellular ultrastructure that exposure to ionizing radiation may induce (Fig. S1) .
The Compton scatter of incident photons ( Fig. 2A-B ) provides an ideal guide to delineate cellular boundaries (Fig.  S2) . To ensure that treatment of cells with the organelle markers ER-Tracker™ Green and MitoTracker® Deep Red did not alter elemental abundance or distribution, elemental mapping was performed on parallel preparations of cells that had not been treated with these organelle markers. The presence of organelle markers did not have an impact on the concentrations of cellular zinc or calcium (Fig. S3, S4) . However, treatment with organelle markers resulted in increased concentrations of copper and iron detected by XFM (Fig. S4) . We expect that the treatment with the markers is likely to exert a corresponding effect in both control and CbCln6 nclf cells. Thus, relative comparisons of copper and iron data between these groups still remain biologically meaningful. For the purpose of the present study, we chose to focus on the distributions of calcium and zinc in these cells.
Identification of deregulated subcellular metal distribution in CbCln6
nclf cells
Consistent with previous reports, zinc was concentrated primarily in the cell nucleus, particularly evident in the control cells ( Fig. 2C-D ) 36, 37 . This is presumably a reflection of the importance of zinc as a cofactor for over 400 predicted zincfinger transcription factors 38 . We observed dramatic alterations in subcellular calcium distributions between control and homozygous CbCln6 nclf mutant cells ( Fig. 2E-F) , which is consistent with recent work showing impaired Ca 2+ metabolism in several NCL models. In the Cln8 mnd mouse model of NCL, an age related inability to clear cellular Ca 2+ was due to a mitochondrial calcium accumulation 39 , while CLN3 is reported to protect cells from calcium-dependent cytotoxicity via interactions with the calcium sensor calsenilin 40 . In control cells, calcium was evenly distributed throughout the entire cell ( Fig. 2E ), while in CbCln6 nclf mutant cells, despite the total amount of cellular calcium being similar to controls, we observed small puncta (-1σ to 1σ: area = 1.94 µm 2 to 9.48 µm 2 ) highly enriched in calcium with average calcium concentrations 5.6 fold above controls (1.8 µg cm Conversely, these data reveal that the majority of the CbCln6 nclf mutant cell interior is calcium deficient, despite total calcium content being appropriate (Fig. 3B ). Though calcium puncta were observed in multiple cultures of CbCln6 nclf and rarely in the healthy preparations we harbored concerns that these structures may be artifacts of insoluble calcium settling out of solution and decorating the cell surface. If true, the projected area of the cell would be strongly (and positively) correlated with the number of calcium deposits. To test this hypothesis, the relationship between a cell's size (projected area) and the number of calcium deposits was determined. We observed that the cell area accounted for less than 5% of the observed variation in the number of calcium deposits per cell. This analysis provided strong evidence that accumulation of calcium-enriched deposits in CbCln6 nclf cells is not due to passive calcium precipitation from the media (Fig. S5 ) but reflects deeply altered calcium homeostasis. The cellular distribution of calcium and zinc within control cells provided a useful means of determining the position of the nucleus based on the Ca:Zn ratio (Fig. 2G) . However, the extensive mislocalization of calcium in CbCln6 nclf cells precluded such an analysis for these cells (Fig. 2H ).
CbCln6 nclf cerebellar cells possess lysosomal, mitochondrial and ER abnormalities 31 . Though we attempted to include the lysosomal marker, LysoTracker® Blue DND-22, as part of our suit of optical fluorophores, we were unable to successfully capture meaningful images of this tag. These technical difficulties could be due to a number of issues, potentially including fluorophore quenching due to cryopreservation and desiccation of the specimen (loss of aqueous environment or increased optical density of the sample) 41 . Though in this investigation we were unable to examine lysosomal localization of metal content, we continue to develop protocols to enable this work to be undertaken in the future. However, ERTracker™ Green and MitoTracker® Deep Red retained fluorescence post our sample preparation protocol and we made use of these markers in our search for disrupted metal homeostasis in subcellular compartments. Prior to XFM analysis, cryopreserved and dehydrated cells were imaged using confocal immunofluorescence (Fig. 2I -L, for higher magnification images, see Fig. S6 ). Consistent with previous observations 31 
, CbCln6
nclf cells displayed altered mitochondrial and ER staining compared to control cells. However, coregistration of organelle markers and the calcium deposits present in the CbCln6 nclf cells was unconvincing, suggesting that the calcium accumulation observed in these cells was not occurring exclusively in either the mitochondria or ER. Usefully, fluorescence was maintained even after XFM (Fig.  S1 ), presenting a technical advance with ready application to future high resolution XFM studies of bioinorganic chemistry.
In order to extract per-cell elemental content, the elastic scatter (Compton Scatter) of incident X-rays was used to generate Boolean masks to separate the "cell" area from "noncell" area.as a guide. Nuclear masks were generated using a combination of cellular zinc concentrations, Ca:Zn ratios and absence of ER and/or mitochondrial staining as a guide (Fig.  S2 ). Cytoplasmic regions were defined as the remaining cellular area that was not the nucleus. Mean cellular, nuclear and cytoplasmic zinc concentrations were unchanged between control and CbCln6 nclf cells (Fig. 3A) . Similarly, despite the dramatically perturbed calcium distributions between control and CbCln6 nclf cells (Fig. 2E-F) , analysis of mean cellular, nuclear and cytoplasmic calcium concentrations revealed no differences (Fig. 3B) in metal content between single cells within a population, or the intracellular distribution of different metal pools within cells. To examine the metal handling dynamics within single cells, we measured the relationship between the mean nuclear and cytoplasmic metal concentration in individual cells. Despite substantial inter-cell variation in total metal concentrations (ranging from 5.4 to 13.2 ng cm -2 for zinc and 199.3 to 484.2 ng cm -2 for calcium), we observed a strong positive correlation between the nuclear and cytoplasmic concentration of zinc and calcium in control cells (r 2 =0.85, and 0.92, respectively; Fig.  3C-D) , reflective of stringent control of inter-organelle metal concentrations as maintained by membrane bound transporters, metal chaperones, storage proteins and the suit of cytoplasmic buffers and mufflers 42 . Importantly, there was a complete loss of relationship between the nuclear to cytoplasmic zinc ratios in CbCln6 nclf cells (r 2 =0.03, p=0.00012; Fig. 3C ), indicating severely impaired subcellular zinc homeostasis. The correlations between nuclear and cytoplasmic calcium concentrations were also reduced, but to a lesser extent than for zinc (r 2 =0.32, p=0.0131; Fig. 3D ). Together, these data demonstrate the utility of high-definition elemental mapping using XFM over traditional analytical techniques such as ICP-MS for understanding subcellular metal handling dynamics in health and disease. XFM identifies restoration of subcellular metal regulation after zinc delivery with the zinc-complex, Zn (atsm) (1µM) and performed elemental mapping using XFM (Fig. 4) . Zn II (atsm) treatment of control cells resulted in primarily nuclear zinc uptake into some, but not all, cells (Fig. 4C) . Following Zn II (atsm) treatment, zinc accumulated in CbCln6 nclf cells, although the distribution was more clearly nuclear than in untreated cells (Fig. 4D) . Indeed, Zn II (atsm) substantially restored the relationship between the nuclear and cytoplasmic zinc concentrations in individual cells (from r 2 =0.03 to r 2 =0.67; Fig. 5A ).
In light of the well described promiscuity of many calcium channels to zinc (reviewed in 44 ), and the reported role of zinc in the regulation of cellular calcium-binding proteins [45] [46] [47] , we hypothesized that cellular zinc and calcium concentrations may be, at least partially, co-regulated. Indeed, a very strong correlation between per-cell zinc and calcium concentrations in individual control cells was observed (r 2 =0.90, Fig. 5B (Fig.  5C ). The distribution of per-pixel calcium concentrations for cerebellar cells was well modeled by a log-Gaussian curve (Fig.  5D ), consistent with previous reports for biological systems where an analyte's concentration is the product of multiple dependent reactions that fluctuate between individual cells 48 . In control cells, a single log-Gaussian with a log-mean of 2.503 (calcium concentration = 318 ng cm -2 ) was modeled to the data. The distribution in CbCln6 nclf cells was accurately modeled by a log-Gaussian with a log-mean of 2.297 (calcium concentration = 198 ng cm -2 ). This represents the majority of calcium within the cells, and is calcium deficient, as compared to control cells. Zn We hypothesized that the distorted distribution of zinc observed in CbCln6 nclf cells may be due to alterations in endogenous zinc ligands compared to healthy cells. To probe the nature of zinc binding partners in Battens disease, we performed Zn K-edge XANES to characterize the coordination environment of cellular zinc in both healthy and CbCln6 nclf cells. The efficacy of data collection achievable with the Maia detector installed at the Australian Synchrotron 49 , allowed small groups of cells (3-6 individuals) to be identified and targeted for XANES mapping. In this instance Zn XANES-mapping entailed the region of interest (ROI) being re-scanned at 59 unique incident energies (see methods section for details) the resulting series of images provided spatially resolved spectroscopic information on the coordination environment of zinc within the targeted cells. While there was little difference between the white-line or edge position of the XANES spectra from control or CbCln6 nclf cells, there was an additional feature, present at 9.683 keV, visible in the diseased group (Fig. 5E) , indeed altered expression levels of Zn-proteins between mutant and wild type cells is the likely explanation rather than an entirely new class of ligand being present. Interestingly, this structure was no longer present in the spectra of CbCln6 nclf cells following Zn II (atsm) treatment. Though we were unable to confidently assign any particular ligand(s), these data provide strong evidence that the cellular co-ordination environment of zinc in CbCln6 nclf cells is altered and corrected by Zn II (atsm). At the same time, however, the similarities between the spectra limit the degree to which the "global "coordination sphere of zinc has changed (Fig. 5E ). The spectra of Zn II (atsm)-treated cells is substantially more reminiscent of the cerebellar cell spectra than that of the Zn II (atsm) standard, consistent with zinc dissociation from Zn II (atsm) upon cell entry. This study highlights the utility of XFM for understanding subtle but critical alterations to discrete sub-cellular biometal pools in cells containing disease-associated protein mutations. Analogous studies can also be applied to cells subjected to diverse stresses associated with disease.
Discussion
Despite rapid improvements in the sensitivity of assessing biometal content of cells and tissues due to advancement of ICP-MS (and related techniques), there remains much to be understood about the inorganic physiology of the brain in health and disease. The use of XFM overcomes several analytical challenges associated with hyphenated-ICP-MS techniques by allowing investigation of individual cells at subcellular resolution with minimum disruption to native elemental abundance or distribution, and XFM is not prone to artifacts associated with optical metal-sensing fluorophores. The world-leading Maia XRF detector at the Australian Synchrotron has data acquisition rates orders of magnitude faster than conventional XFM setups, allowing the rapid and routine high-definition elemental mapping of many cells. This overcomes a major limitation of traditional bioXFM studies, where often only small numbers of cells (n = 3) were analyzed due to time constraints 50, 51 . Additionally, the improvements in detector efficiency reduce the dose given to the sample and allowed the concomitant visualization of organelle makers within cells before and after XFM. This type of correlative microscopy maximizes the information content extracted from a given specimen and is preferred to the more typical approach of inferring elemental information with staining patterns worked up in parallel cultures 52 or within adjacent tissue sections 53 . To our knowledge, this work represents the most complete concurrent visualization of multiple organelle distributions within cells probed for metal content via XFM. As organelle structure is complex and often dynamic 54, 55 , multiplexed imaging, as described here, of organelle markers and quantitative elemental mapping, provides a powerful opportunity to gather information on transient subcellular metal pools. However, what effects introducing organelle markers may have on metal ion distribution will need careful examination. Though work continues, the observed alteration in the cellular iron and copper load in stained cells may stem from sequestration of oxidized MitoTracker® within mitochondria. This will provide an opportunity for the dye to react with thiol moieties of Fe and Cu chaperone proteins linked to the biogenesis of Fe-S clusters (reviewed in 48 ) and delivery of Cu to components of the electron transport chain 49 . Importantly, we determined that calcium and zinc content or distributions were not significantly altered by organelle marker treatment (Fig. S3, 4) .
XFM is a scanning probe imaging technique and traditional setups suffer slow rates of data acquisition partly as a consequence of mechanical limitations in raster-scanning specimens through x-ray focus but until recently delays in detector read-out have been significant. Thus, while high resolution studies are possible 56 , the length of time required to collect data can swiftly become unacceptably long, particularly if biological replicates are required. Often these practicalities result in collecting elemental maps that are somewhat undersampled (i.e. the sampling rate fails to satisfy the Nyquist theorem). By employing a multiparameter (event-mode) approach to data acquisition, the Maia has reduced read-out overhead to zero, enabling faster scanning. Here samples were fly-scanned through x-ray focus and the resulting XRF was binned every 400 nm pixels (thus each pixel is 0.016 µm 2 ). As the pixel size is 5-fold smaller than the probe size (Full Width Half Maximum of the incident beam intensity: horizontal: 2.3 µm; vertical 1.99 µm), oversampling in this manner provided significantly enhanced image contrast (over typical XFM setups) and facilitated ready demarcation of cell boundaries and internal structure(s), despite the relative large size of the probe and without a significant time penalty (Fig. 2I-L) .
XFM provides an information-dense snapshot of subtle alterations to metal homeostasis in cells, which are unlikely to nclf cell (grey triangles) and CbCln6 nclf cell treated for 2h with 1µM Zn II (atsm) (red squares) was plotted against the concentration of calcium in the same cell. C. Binary masks were generated to examine the number of regions of high calcium intensity (above 2µg cm -2 ) per cell area for each treatment group. ** p<0.01, *** p<0.0001 by one-way ANOVA and Bonferroni multiple comparison posttests. Error bars represent SEM. D. The histograms (tabulated frequency, bin width=0.0385 ng cm -2 ) of the log-transformed calcium concentrations in cells were modeled by Gaussian curves (solid black, grey or red lines). The residual plots are presented above the histograms. E. Zinc K-edge XANES of control cell, CbCln6 nclf cells and CbCln6 nclf cells treated for 2h with 1µM Zn II (atsm) was performed using X-rays at 58 energies ranging from 9.604 to 9.76 keV. Preedge absorbance values were linearized and normalized XANES is expressed as a percentage of the absorbance maxima. XANES spectra for ZnCl2 and ZnO nanoparticles are presented as controls.
be detected in bulk analyses of global metal levels in cellular or tissue homogenates. XFM thereby enables novel avenues of investigation not afforded by bulk measurements. Firstly, the role of inter-cellular variability on metal homeostasis has seldom been examined. The striking variability of total elemental content between single cells even within a theoretically "homogeneous" secondary culture as observed here carries significant implications for the variability within the phenotypically distinct cellular subsets of the brain. For instance, copper sequestration by microglia in AD may limit the extracellular copper available to seed Aβ deposition 57 , while simultaneously rendering surrounding neurons copperdeficient 58 . Similar observations have been noted for zinc mislocalization in AD 59 . Examination of mean metal levels significantly underestimates the complexity of metal homeostasis due to the dilution of specific effects within population averages. This missing information on metal metabolism at the level of individual cells holds promise to shed light on selective neuronal vulnerability in neurodegeneration.
Secondly, visualization of subcellular elemental distribution is advantageous and reveals precise control of inter-organelle metal ratios despite immense inter-cell variability (Fig. 3C-D) . Substantial deregulation of this metal homeostasis, especially in the case of zinc, was detected in CbCln6 nclf cells, despite a lack of population-wide metal disturbances as measured by ICP-MS and XFM (Fig. 1, 3A-B) . Optimal subcellular zinc levels are maintained by a network of over twenty specifically compartmentalized unidirectional membrane bound transporters belonging to the Zip and ZnT families (for a recent review, see 60 ). This potentially reflects the size and complexity of the zinc proteome, predicted to encompass approximately 2800 catalytic and regulatory proteins with an array of varied cellular functions 61 . . We have also detected loss of Zip7 in 3 natural CLN6 disease models ( Fig.  1A; 14 ), and Zip7 loss in zebrafish caused eye defects and reduced zinc concentrations in the eye 65 , which may phenocopy CLN6 disease.
Subcellular biometal mislocalization can exert profound effects on pleotropic cellular functions. Zip7 is an ER/Golgi transmembrane zinc transporter in mammalian cells, controlling the influx of zinc, and potentially other metals 66, 67 , into the cytoplasm. Therefore, loss of Zip7 would theoretically result in initial retention of labile or readily exchangeable zinc in the ER/Golgi. Due to the high relative affinity of Zn(II) for biomolecules (Irving-Williams series), increased concentrations of labile zinc in the ER or Golgi will displace other metals from protein co-ordination sites. The specific targets of aberrant excess zinc binding in the ER and Golgi are subject to further investigation in our laboratory. Cytoplasmic free zinc is low nanomolar 68 , providing a reservoir of zinc for aberrant transport to the ER or Golgi, as labile zinc pools in these compartments are stringently maintained at less than 1pM 69 . Additionally, Zip7 deficiency may prevent kinase-dependent "zinc wave" signals from being transduced throughout cells 70, 71 . In the present study, we did not detect excess zinc in the ER (Fig. S7) . However, given that total cellular metal levels are in the high micromolar range 72 , even hundred-fold increases in labile zinc in the ER (from 1pM to 100pM) may not be directly visualized in the context of the million-fold excess of proteinbound zinc. It is also possible that we were unable to detect differences in ER zinc concentrations due to the resolution of the organelle staining or size of the x-ray beam. Nonetheless, we detected deregulation of subcellular zinc homeostasis in CbCln6 nclf cells, that was rescued by Zn II (atsm) treatment. Zn II (atsm) induced primarily nuclear trafficking of zinc, restoring the ratios of nuclear:cytoplasmic zinc dynamics within two hours of treatment. Nuclear zinc is critical for the functioning of zinc finger transcription factors, however, the nuclear membrane is devoid of zinc transporters. Some zincfinger transcription factors, including MTF-1 sense zinc in the cytoplasm, and translocation of the holo-protein is required for transcriptional activation of downstream processes 73 . Nuclear localization of zinc-loaded metallothionein 74 has also been described and may represent an additional regulatory mechanism controlling nuclear:cytoplasmic zinc ratios. Whether Zn II (atsm) treatment results in direct nuclear zinc delivery, or delivered zinc is shuttled to the nucleus via alternative cellular processes remains to be determined.
XFM analysis also revealed striking differences in the subcellular distribution of calcium in control and CbCln6 nclf cells. The presence of small, highly calcium-enriched deposits throughout CbCln6 nclf cells is reminiscent of oxidative stress, as previously described 37 . A limitation of the present generation of the Maia detector is the inability to measure elemental content of additional biologically relevant elements including P, S and Cl, as colocalization of these elements with calciumenriched deposits may have provided clues regarding the composition of these structures. The subcellular distribution of the calcium-enriched deposits did not overlap with the distribution of the ER-Tracker™ Green and MitoTracker® Deep Red dyes, indicating that the typical cellular calcium storage compartments, the ER and the mitochondria, are not the sites of calcium storage or sequestration in CbCln6 nclf cells. Alternatively, the calcium deposits may originate from lysosome-derived structures, as aberrant lysosomal calcium accumulation due to defects in the lysosomal Trpml1 channel has been described for the related LSDs, Mucolipidosis and Niemann-Pick C [75] [76] [77] . This is an attractive possibility, as the lysosomes of CbCln6 nclf cerebellar cells are known to accumulate the calcium-regulated 78 subunit c of mitochondrial ATP-synthase 31 , providing a route for enhanced lysosomal calcium entry, whereas defects in Trpml1 may prevent lysosomal calcium extrusion. Although subunit c storage was not evident in subconfluent cultures 31 , it is possible that low levels of increased lysosomal subunit c were below the detection limits in that study. Decreased ATP production, as reported in these cells 31 , due to deregulation of mitochondrial ATP synthase, may also render cells more vulnerable to glutamate-mediated excitotoxicity, calcium influx and ROS production as described for CLN6 sheep models 79 . Lastly, bulk analysis does not enable investigation of metal co-regulation within cells. Correlations in the levels of calcium and zinc in neurons have been previously described 80 , and may be indicative of co-regulation, co-trafficking or complexation. A number of calcium channels can transport zinc, both during synaptic activity through voltage-gated calcium channels, Nicotinic acetylcholine receptors, NMDA and AMPA receptors, as well as in resting cells at physiological calcium concentrations through plasma membrane and subcellular TRP channels (reviewed in 81 ). For example, the lysosomal Trmpl1 transporter, is reported to be zinc permeant 82 . Not only can a vast array of calcium-permeable channels mediate zinc transport, but the physiology of these two metals in the brain is inextricably linked: calcium binding proteins that are critical for a wide range of cellular functions in signal transduction, cell communication, growth, including S100 family proteins and calmodulin, are reported to bind zinc in a structural or regulatory manner [45] [46] [47] . Indeed, zinc is an allosteric modulator of calcium-bound calbindin 83 . Moreover, Krebs et al (2013) found that calcium and zinc concentrations to significantly positively correlate in 11 post-mortem human brains in the absence of known brain pathology 84 , suggestive of some degree of co-regulation or co-transport of these key second messengers. Although the subcellular distributions of calcium and zinc were not colocalized, we detected a correlation within individual control cells between the calcium and zinc concentrations (Fig. 5B) 14 . These included improved activity of a zinccontaining enzyme, alkaline phosphatase, increased expression of the anti-oxidant zinc buffer metallothionein, and restored Zip7 expression. Consistent with this, we report here that Zn II (atsm) may exert its protective functions through subcellular redistribution of zinc and calcium, correcting the metal handling defect in CbCln6 nclf cells. Recently, the efficacy of the natural turmeric-derived polyphenol, curcumin, on retinal function in Cln6 nclf mice was described 85 . In addition to its reported anti-inflammatory role, we hypothesize curcumin may act via complexation of mislocalized metal ions as proposed for its therapeutic action in AD 86 . The current major roadblock to dissecting physiological biometal homeostasis is that each analytical technique is capable of probing a discrete metal pool -proteomic techniques such as LC-ICP-MS can only detect protein-bound metals, whereas XFM can detect all metal species. Although the labile pool is negligible for metals with high affinity to biomolecules such as copper and zinc (as predicted by the Irving-Williams series), a readily exchangeable pool exists that is transiently sequestered by cytosolic ligands in metallothionein and glutathione. Exciting advances in the field of ratiometric, genetically encoded zinc sensors based on Fluorescence Resonance Energy Transfer (FRET) with specifically engineered subcellular targeting characteristics have been applied to measure resting and stress-dependent changes to mitochondrial and cytosolic zinc concentrations in hippocampal neurons 87 and readily exchangeable zinc in E. coli cells 88 . The sensors are composed of transfected constructs containing a high-(K'd=1.7µM) or low-(K'd= 160µM) affinity zinc sensing domain, encoded by a Cys 2 His 2 or His 4 sequence, respectively, which change conformation upon zinc binding, enabling FRET between two fluorescent proteins fused to the domain 87 . Other zinc-sensing domains, including various mutants of carbonic anhydrase have also been utilised, allowing modulation of zinc binding affinities from femto-to micromolar 89 . Fusion of signal and export sequences within the construct enables subcellular targeting 87 . These highly sophisticated systems are specific for zinc, display improved targeting properties compared to traditional small molecule sensors and provide precise measurements of labile (but not protein bound) zinc concentrations. A current limitation of the technique is the confounding effect on measured labile zinc concentrations of different transfection efficiencies within a population of cells, but these challenges will be addressed in the future by use of stably transfected cell lines or inducibly expressed genetic zincsensing constructs. Additionally, the technique is only currently feasible in cells amenable to transfection, and unlike XFM, cannot simultaneously measure the concentrations of multiple elements within cells.
A combination of techniques, including spatially-resolved XFM, highly-sensitive LC-ICP-MS, and novel ratiometric fluorescent metal sensors capable of probing total, proteinbound and readily exchangeable metal pools, respectively, will ultimately yield the greatest understanding of subcellular, intercellular and organ-level metal-handling dynamics in health and disease and will help to characterise the emerging signalling role that transient mobilization of labile metal ions from intracellular and protein stores play in both physiological and disease states.
Experimental Cell culture conditions and treatments
Cerebellar granule neurons derived from control Cln6 nclf mice (from both homozygous and wildtype littermates, on the C57BL6 genetic background) were cultured as previously described 31 . Following treatment, cells were exposed to 500 nM ER-Tracker™ Green and 500 nM MitoTracker® Deep Red (both from Life Technologies) for 30 min in fresh media. Non-stained cells were included as controls to quantify any effect of the organelle marker staining on cellular metal content. Salts were removed by washing in 175 mM ammonium acetate for 40 sec, and excess liquid was removed using a tapered wick (Kimwipe). Cells were rapidly fixed by plunge freezing in liquid nitrogen chilled liquid ethane, lyophilized overnight and stored under desiccant prior to confocal immunofluorescence or XFM analysis.
Confocal immunofluorescence
Confocal microscopy was performed both prior to, and post, XFM. Silicon nitride windows were placed onto microscope slides for stability during optical microscopy analysis. Fluorescent images of 5-µm-thick confocal sections were acquired using the Zeiss Meta upright confocal microscope (Zeiss, NSW, Australia). A 20x objective (EC Plan Neofluar/0.5 M27) with 2x digital zoom was used to visualize cells, resulting in a pixel size of 400 nm, corresponding to pixel sizes obtained via XFM analysis (vide infra). Excitation of the ER-Tracker TM Green and MitoTracker® Deep Red dyes was achieved using the Argon (514nm) and HeNe (633nm) lasers, respectively. For optimal image acquisition, a pixel dwell time This journal is © The Royal Society of Chemistry 2014 of 51.2 µsec was used and averaging was performed line by line (4x).
ICP-MS
ICP-MS was performed on cell pellets as previously described 11 . Cellular metal content was normalized to cellular protein content as measured by BCA assay (Thermo Fisher Scientific, VIC, Australia).
Western Blotting
Western blotting was performed on cell lysates (5µg) as before 10 using rabbit Zip7 (1:1200, Proteintech, IL, USA) and antirabbit IgG antibodies (1:5000, Cell Signaling, MA, USA). Zip7 band intensities were normalized to control bands (ImageJ, MD, USA) on blots probed with antibodies against total ERK.
X-ray Fluorescence Microscopy (XFM)
The distribution of elements was mapped at the XFM beamline at the Australian Synchrotron 92 . An incident beam of 12.7 keV x-rays was chosen to induce K-shell ionization of elements with atomic numbers below 30 (Z ≤ Zn), while providing adequate separation of the Rayleigh and Compton peaks from the elemental fluorescence of interest, as described 24 . The incident beam was focused to a ~2µm spot (full-width at half maximum) using a Kirkpatrick-Baez mirror pair and specimens were flyscanned through x-ray focus. The resulting XRF was collected in event-mode using the low-latency, 384-channel Maia XRF detector (positioned in the backscatter geometry) and the full XRF spectra used to reconstruct elemental maps of the specimen using a virtual pixel size of 0.4 µm, giving an effective dwell time ~0.025 seconds. This meant elemental maps of each specimen (containing between 9 and 24 cells) were collected in well under 1h. Single element foils of Mn and Pt (Micromatter, Canada), were scanned in the same geometry and used as references to establish elemental quantitation. Deconvolution of the Maia data was performed using the GeoPIXE v6.6j (CSIRO, Australia) that incorporates a linear transformation matrix to perform spectral deconvolution 93 . Spectra were calibrated using the metal foil measurements, and corrections made for self-absorption in the sample, absorption in air, and the efficiency response of the detector 94 . The detected x-ray photons from each pixel were related to calculated-model fluorescence x-ray yields for an assumed specimen composition and thickness. The composition and thickness of the silicon nitride windows were known from manufactures specifications and the composition and average density typical of dried organic material (C 22 H 10 N 2 O 4 and 1.42 g cm -3 respectively) 95 was used to model the bulk cell. Absorption effects for XRF from the lowest atomic number element relevant to this study (Ca K α ) are negligible for this specimen type.
XANES Imaging
Fluorescence-XANES imaging was achieved by repeat scanning of a region of interest at a series of different incident energies crossing the Zn K-edge (9.669 keV). This process generated a "stack" of images, each recorded at a unique incident energy. For the current study each fluorescence-XANES stack comprised a total of 59 individual energies (corresponding to 59 maps), spanning 9.604 keV -9.764 keV and captured the energy location of major features of the Zn Kedge, whilst minimizing the measurement time. The parameters of each map within a fluorescence-XANES stack (pixel size, effective dwell time, etc) were kept constant and for technical reasons the incident energy was scanned progressively decreasing from the maximum to minimum values. The individual maps comprising a fluorescence-XANES stack were recorded in a manner largely analogous to the elemental mapping described above, but with some important differences. Briefly, in order to ensure maximum stability of the incident flux across the relevant range of energies during fluorescence-XANES imaging, a small taper was introduced to the undulators. Tapering the undulator gap (0.121 mm) broadens the spectral distribution at the expense of source brilliance and peak intensity. This setup helps minimize the introduction of artifacts into the spectra, although the decreased incident flux also lowers sensitivity. Thus in order to achieve counting statistics comparable to elemental maps acquired with an untapered undulator gap, samples were scanned through x-ray focus at a reduced velocity. A fluorescence-XANES stack of elemental maps could then be used extract Zn XANES spectra from individual cells. In total, 3 healthy, 3 diseased cells and 1 diseased cell treated with Zn II (atsm) were imaged in this manner and the resulting spectra analyzed using Demeter 0.9.18.2 96 .
Statistical Analysis
Differences in global metal content and cellular Zip7 expression were assessed by Student's t test in GraphPad Prism v5.0c (GraphPad, CA, USA). Changes to subcellular metal content were analysed using two-way ANOVA. For elements where significant main effects were observed, Bonferonni posthoc tests were used to determine which groups were significantly different. Analysis of subcellular regulation of biometal homeostasis was performed using linear regression analysis. Effects of Zn II (atsm) treatment on subcellular metal homeostasis were determined using one-way ANOVA. Bin widths for analysis of histograms were calculated to be within the range given by the square-root choice (k=√n) and the Rice rule (k=2n 1/3 ) for the following numbers of pixels for each dataset: control, 60595; CbCln6 nclf , 19368; CbCln6 nclf + Zn II (atsm), 11254. Non-linear curve fitting of log-transformed calcium histograms was performed using a Gaussian least squares fit. Comparison of models between data sets was performed using the exact sum of squares F-test. Deviation of data from the model was assessed using the runs and D'Agostino-Pearson normality tests. p values below 0.05 were considered significant.
Conclusions
Impaired biometal homeostasis is a key hallmark of neurodegenerative disorders, but limitations of current techniques prevent information-dense probing of subcellular biometal distributions in multiple cells. Advances in XFM detector efficiency have allowed unprecedented speed of data acquisition, which combined with low radiation dose enables rapid, high-resolution investigation of metal handling dynamics in populations of cells concomitantly with fluorescent labelling of transient subcellular organelles. Using this approach, we detected for the first time impairment of subcellular metal trafficking in a fatal childhood neurodegenerative disorder, despite a lack of global changes to biometal levels. We also demonstrated that these biometal imbalances can be partially corrected by a metallo-complex, Zn II (atsm). The techniques and methodology presented in this paper can be applied to offer molecular and elemental insight into the metal cell biology in other neurodegenerative diseases in single cells. Importantly, these approaches will prove invaluable for mechanism of action studies for novel therapeutics to target neurodegeneration.
